In this letter the use of hybrid WiMedia-defined Ultra-Wideband (UWB) and IEEE 802.16d WiMAX radio-over-fibre is proposed and experimentally demonstrated for multimode based in-building optical networks with the advantage of great immunity to optical transmission impairments. In the proposed approach, spectral coexistence of both signals must be achieved with negligible mutual interference. The experimental study performed addressed an indoor configuration with 50 μm multi-mode fibres (MMF) and 850 nm Vertical-Cavity Surface-Emitting Lasers (VCSEL) transmitters. The results indicate that the impact of the wireless convergence in radio-over-multi-mode fibre (RoMMF) is significant for UWB transmissions mainly due to MMF dispersion and electrooptical (EO) devices with limited bandwidth. On the other hand, a WiMAX transmission is feasible for a 300 m MMF and 30 m wireless link in presence of UWB, with -31 dBm WiMAX EVM.
Introduction
UWB is a radio communications technology targeting a high bit rate short-range indoor link with low power consumption, high tolerance to multipath fading and low deployment cost [1] . UWB is an unlicensed wireless service allocated within the 3.1-10.6 GHz band in current regulation [2] [3] [4] [5] . Different UWB signal formats implementations exist mainly based on impulse radio and orthogonal frequency division multiplexing (OFDM) [5] . However, the UWB WiMedia-defined implementations based on multi-band OFDM (MB-OFDM) modulation [6] are deeply commercially exploited in short-range environments, e.g. computer peripheral interconnection, namely wireless universal serial bus (wireless-USB) [7] , and in high-definition audio/video streaming from the computer to the TV set. Due to the unlicensed nature of UWB spectrum, a spectral overlapping is present with the spectrum of already existing narrowband and wideband systems, such as WiMAX 802.16d/e (3.3 to 3.8 GHz and 5.4 to 5.825 GHz, respectively) or IEEE 802.11a devices (in the band from 4.9 to 5.85 GHz). WiMAX is a wireless transmission technology targeting a medium-to long-range data communications [8] . On the other hand, WiMAX applications are addressed to improve the coverage in large wireless local area network (WLAN) installations in special scenarios such as high speed trains communications, indoor broadcasting or in punctual massive sports events coverage [9] [10] [11] . Regarding these features WiMAX and UWB are expected to coexist on indoor scenarios.
In-building optical networks provide coexistence scenarios for UWB and WIMAX end-user applications. MMF is predominantly used worldwide over single-mode fibre (SMF) for indoor links up to 300 m, and offers easier installation in within-building environments compared to SMF due the large core diameter of MMF fibres (typically 50 or 62.5 m) [12] . With the interest in low-cost radio-over-fibre (RoF) solutions, indoor installations are typically based on MMF, VCSELs operating at 850 nm and low-cost photoreceivers [13] . The distribution of WiMAX and UWB-over-fibre has been studied previously for long-reach passive optical networks (PON) [14, 15] . The target of WiMAX RoF applications is to improve the coverage of broadband services in distributed antenna systems (DAS) applications [16] , and UWB RoF applications are required to overcome range limitations and develop cellular capabilities on UWB networks [17] [18] [19] .
Moreover; the impact of harmful interference between UWB and WiMAX in the 3.1-4.2 GHz band was studied in [20] within an analytical framework. A first approach of this analysis has been presented by the authors at [21] . However, the most of the publications had analysed each wireless communication system impact separately [10, 22, 23] . Therefore, in this paper the impact of interference in MB-OFDM UWB over WiMAX 802.16d on a hybrid RoMMF architecture and a final radio link to the end-user system is presented.
This paper is organized as follows; Section 2 describes the experimental optical wireless convergence setup. In Section 3 the results of RoMMF convergence transmission of WiMAX and MB-OFDM UWB are discussed, and considering the radio link path are included in Section 4. Finally, conclusions are drawn.
Experimental Setup
The experimental setup in figure1 is implemented in order to evaluate the performance of MB-OFDM UWB and WiMAX 802.16d joint distribution architecture in a RoMMF system with a radio link path to a final user. The setup is divided in three sections, head-end, fibre transmission and radio link to end-user. In the first section, the head-end, MB-OFDM UWB and IEEE.802.16d WiMAX signals are generated, then converted from the electrical to the optical domain by the VCSEL and launched into the MMF. The WiMAX signal has been generated according to the IEEE 802.16d standard [8] . The UWB signal has been generated fulfilling the WiMedia-defined UWB specification [3] by an evaluation kit transceiver. The UWB signals perform bitrate of 200 Mbit/s over a 500 MHz bandwidth and the WiMAX signals perform a bit rate of 13.1 Mbit/s over 3.5 MHz. Main WiMAX and UWB signal parameters are summarized in Table 1 . A low-noise amplifier (LNA) and RF attenuation pair has been used after UWB generation previous VCSEL to maximize EO conversion. The VCSEL used on this setup is designed for 850 nm up to 4.25 Gbit/s.
The optical signal is transmitted over 100, 200, 300 and 400 m links of 50 μm core MMF; each with 500 MHz•km modal bandwidth. An optical attenuator is used before the MMF in order to prevent receiver distortion and test purposes. After the fibre transmission, the optical signal is converted back to an electrical signal using the 850 nm PIN-TIA photoreceiver. Then, after the LNA, with G = 40 dB and NF = 2.5 dB, the RF signal is delivered to a 7.5 dBi antenna designed for indoor applications. The final wireless transmission section considers simultaneous radio transmission of UWB and WiMAX signals over different link lengths. In the reception user-end side each signal is received with a MB-OFDM UWB omni 2 dBi and WIMAX subscriber directional 9 dBi antennas, respectively. Then both signals are captured and processed to measure quality factors, e.g., error vector magnitude (EVM). The EVM is considered a figure of merit for assessing the quality of digitally modulated communication signals of each received constellation. 
Multi-mode fibre transmission
In a first approach the transmission of MB-OFDM UWB and WiMAX 802.16d signals independently over MMF is evaluated. In the figure 2 the measured EVM after photodiode for each MMF link length and the back-to-back case is depicted for each signal. In the figure 2(a) it can be observed that the EVM remains under the -14.5 dB EVM threshold for successful UWB communication [3] , in almost all configurations. In figure 2(b) , the EVM results indicate that a low RF power is the main cause of degradation, since EVM measurements remain under a -31 dB EVM threshold for a 64 QAM 802.16d WiMAX communication [8] . In both cases, MMF modal dispersion for each link length is reflected as a linear degradation of EVM results. For example, EVM values for a 400 m MMF link experienced an intense degradation of both signals at any RF power launched. According to these EVM results, it is possible to find a combination of UWB and WiMAX RF power values where MMF impairments are the main cause of EVM degradation instead of the noise introduced by the RF power launched, e.g., 0 to 3 dBm for WiMAX and -6 to -3 dBm for UWB in-band RF power. In order to ensure RF coexistence, the amplifier-attenuator pair at the head-end section is adjusted to meet a 35 dB ratio between WiMAX and UWB, which is required for a correct 64 QAM demodulation [8] . The simultaneous RF spectrum for a 3 dBm WiMAX and -6 dBm UWB band power signals before the VCSEL modulation is represented at figure 3(a) . This head-end RF power configuration accomplished with the relative 35 dB margin. Figure 3(b) shows the received spectrum after a transmission over 400 m MMF. In this experimental set-up the spectral mask power, according to the regulations, is adjusted before wireless transmission. These figures indicate that the filtering effect due to modal dispersion and to limited bandwidth components compared with UWB signal bandwidth is significant. These effects introduce important degradation on the signal after MMF transmission, as studied in [18] . In order to study the impact of MB-OFDM UWB over WiMAX 802.16d in simultaneous MMF transmission, the EVM has been measured according to the previous RF power head-end adjustments. The EVM measured for both signals over each MMF link are represented in figure 4 . The EVM UWB degradation due to WiMAX simultaneous transmission over MMF is depicted in figure 4(a) . The threshold for a successful UWB communication of -14.8 dB EVM is depicted as a dashed line. The UWB EVM at 100 m MMF increases from -19.1 dB to -13.5 dB compared with isolated UWB MMF transmission. In figure 4 (b) the EVM WiMAX is represented and the -31 dB EVM WiMAX threshold as a dashed line. The EVM WiMAX degradation at 100 m MMF link due to simultaneous distribution increases from -38.6 dB to -32.1 dB. The EVM degradation indicates that WiMAX is more robust in RoMMF simultaneous distribution than UWB, due to MMF modal dispersion and EO components with limited bandwidth effects.
Radio-over-fibre transmission
The performance of the complete system considering the wireless transmission section is evaluated. The EVM results for each received constellation link are analysed for each case; on a UWB isolated transmission and over a coexistence RoMMF link for each dedicated UWB and WiMAX user-end receiver. The complete RoMMF system is evaluated over MMF links from 100 m to 400 m, a UWB wireless link of {1, 2, 3} m and a WiMAX wireless link of {12, 20, 30} m. The impact of simultaneous UWB and WIMAX RoMMF distribution over each wireless communications end-user is represented in figure 5 . In the case of the WIMAX impact over UWB a clear degradation is observed in figure 5 (b) compared with the isolated case in figure 5(a) . However, this impact in the wireless link is not as significative as the MMF transmission impairments explained in the previous section. For example, from -9.62 dB EVM to -7.88 dB EVM for 200 m MMF link over a 2 m wireless link for UWB receiver due to simultaneous transmission.
In the other case, the impact of UWB over WiMAX at wireless receiver-end still enables a successful communication up to 30 m wireless range for 300 m MMF link and 20 m for 400 m MMF link, as depicted in figure 5(c) . These results indicate that the main impairments in the simultaneous RoMMF distribution are mostly located in the MMF transmission section rather than in the radio link path to the end-user.
Conclusion
The experimental results of this new hybrid MB-OFDM UWB and WiMAX 802.16d simultaneous distribution over a RoMMF architecture indicate the feasibility of hybrid high bit rate over a short range fibre link distance, below 100 m MMF link, and a medium bit rate, only WiMAX, for a long range distance up to 300 m MMF link. In the WIMAX case the results indicates that the main impairments are located at MMF transmission section, where the UWB presence degrade about 6 dB WiMAX EVM the transmission for each link. However, in the wireless section the impact of MB-OFDM UWB allows a 30m WIMAX wireless link from a 300m MMF path. In the case of the UWB communication due to the MMF modal dispersion the UWB suffers an important degradation. Furthermore, the impact of WiMAX over UWB implies degradation on EVM terms in all the RoMMF system limiting the quality of the UWB communications. The evaluation of EVM results indicates that in this setup the WiMAX communication is feasible under simultaneous distribution with UWB over RoMMF systems, e.g., up to 30 m WiMAX wireless link for a 300 m MMF link transmission. Moreover, the wireless convergence RoMMF performance should be improved with more linear and wider bandwidth systems components, e.g., VCSEL and photoreceivers, accordingly to the total RF bandwidth objective in the system.
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